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Multiply
By To obtain Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows: °C = (°F -32) / 1.8.
Datums
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to either the North American Datum of 1927 (NAD 27) or the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to distance above the vertical datum. vi study recorded zero flow, the final regression equations were developed using weighted left-censored regression analysis to analyze the flow data in an unbiased manner, with weights based on the number of years of record. The set of equations includes the annual minimum 1-and 7-day average streamflow with the 10-year recurrence interval (referred to as 1Q10 and 7Q10), monthly 7Q10, and mean annual flow. The final regional regression equations are functions of drainage area, mean annual precipitation, and relief ratio for the selected lowflow frequency statistics and drainage area and mean annual precipitation for mean annual flow. The average standard error of estimate was 13.7 percent for the mean annual flow regression equation and ranged from 26.1 to 91.6 percent for the selected low-flow frequency equations. The equations, which are based on data from streams with little to no flow alterations, can be used to provide estimates of the natural flows for selected ungaged stream locations in the area of Georgia north of the Fall Line. The regression equations are not to be used to estimate flows for streams that have been altered by the effects of major dams, surface-water withdrawals, groundwater withdrawals (pumping wells), diversions, or wastewater discharges. The regression equations should be used only for ungaged sites with drainage areas between 1.67 and 576 square miles, mean annual precipitation between 47.6 and 81.6 inches, and relief ratios between 0.146 and 0.607; these are the ranges of the explanatory variables used to develop the equations. An attempt was made to develop regional regression equations for the area of Georgia south of the Fall Line by using the same approach used during this study for north Georgia; however, the equations resulted with high average standard errors of estimates and poorly predicted flows below 0.5 cubic foot per second, which may be attributed to the karst topography common in that area.
The final regression equations developed from this study are planned to be incorporated into the U.S. Geological Survey StreamStats program. StreamStats is a Web-based geographic information system that provides users with access to an assortment of analytical tools useful for water-resources planning and management, and for engineering design applications, such as the design of bridges. The StreamStats program provides streamflow statistics and basin characteristics for U.S. Geological Survey streamgage locations and ungaged sites of interest. StreamStats also can compute basin characteristics and provide estimates of streamflow statistics for ungaged sites when users select the location of a site along any stream in Georgia.
Introduction
Reliable estimates of low-flow frequency statistics are essential for water-resources planning, management, and permitting to ensure that an adequate water supply exists for consumptive use, water-quality standards are met, recreation is feasible, and aquatic habitat is minimally impaired. Engineers, scientists, water-resource managers, and many others use lowflow frequency statistics for (1) establishing minimum flow requirements for streams and rivers, (2) quantifying base flows in streams and rivers, (3) wastewater discharge permitting, (4) water-supply planning and management, (5) protecting stream biota and ecosystems, and (6) evaluating time of travel and dilution of toxic spills (Ries, 2006) . Recent droughts in the southeastern United States also have emphasized the need to better understand low-flow frequency statistics for sustained water supplies and ecological-flow requirements for the protection of aquatic resources in Georgia.
Estimates of low-flow frequency statistics are needed not only at locations where streamflow, hereafter referred to as flow, is monitored but also for ungaged basins where flow is not recorded. Therefore, other methods, such as regionalization, may be used to estimate low-flow frequency statistics at ungaged sites. Regionalization uses regression analysis to develop equations that relate low-flow frequency information determined for a group of streamgages 1 within a hydrologic region to various basin characteristics for the same streamgages. The resultant equations then can be used to estimate low-flow magnitude and frequency for ungaged stream locations within the hydrologic region.
The Georgia Environmental Protection Division (EPD) within the Georgia Department of Natural Resources (DNR) uses low-flow frequency statistics in its mission to provide the strategic information necessary to manage the State's water resources and to assess the amount of flow needed to maintain the ecological integrity of surface waters. The EPD also uses low-flow statistics in its mission to protect and enhance Georgia's surface-water and groundwater resources. The regression equations developed as part of this study by the U.S. Geological Survey (USGS), in cooperation with the Georgia EPD, can be used to estimate selected low-flow frequency and mean annual flow statistics for ungaged stream locations in north Georgia. The regression equations are planned to be incorporated into StreamStats, a Web-based geographic information system (GIS) tool developed by the USGS (Ries and others, 2008) .
Purpose and Scope
The purpose of this report is to present methods for estimating low-flow frequency statistics for the annual minimum 1-and 7-day average flow with the 10-year recurrence interval (referred to as 1Q10 and 7Q10), monthly 7Q10, and mean annual flow for ungaged stream locations in north Georgia that are not substantially affected by regulation, diversions, or urbanization. The report describes (1) the streamgage and basin characteristics selection processes; (2) the methods used to develop regression equations that can be used to estimate the selected low-flow frequency statistics and mean annual flow; (3) the accuracy and limitations of the equations; and (4) the StreamStats Web application for automatically measuring required basin-characteristics data and solving the regression equations to quickly and easily estimate low-flow frequency statistics.
Description of the Study Area
The State of Georgia encompasses 59,425 square miles (mi 2 ) in the southeastern United States. Elevations range from sea level (referenced to the North American Vertical Datum of 1988) in coastal areas to 4,784 feet (ft) above sea level 1 Terms shown in bold are defined in the glossary. in northeast Georgia. Because of its proximity to the warm waters of the Gulf of Mexico and the Atlantic Ocean, most of Georgia has warm, humid summers and short, mild winters. In the northern part of the State, however, elevation becomes the more predominant influence with resulting cooler summers and colder, but not severe, winters. Average summer temperatures range from about 72 degrees Fahrenheit (°F) in the northeastern mountains to nearly 82 °F in parts of southern Georgia. Average winter temperatures range from 39 °F in the north to about 55 °F along the southern coast. Average annual precipitation ranges from 45 inches in central and east-central Georgia to 75 inches in the extreme northeastern corner of the State (National Oceanic and Atmospheric Administration, 2016).
The study area encompasses the area of Georgia north of the Fall line, which comprises about two-fifths of the State and incorporates four U.S. Environmental Protection Agency (EPA) level III ecoregions-Southwestern Appalachians, Ridge and Valley, Blue Ridge, and Piedmont ( fig. 1 ; U.S. Environmental Protection Agency, 2016). The Fall Line, which is named for the steep fall of rivers as they cross this boundary, separates the higher-elevation Piedmont ecoregion from the low-lying Southeastern Plains ecoregion. The eco regions represent areas of general similarity in ecosystems and in the type, quality, and quantity of environmental resources. The ecoregions provide a spatial framework for the research, assessment, management, and monitoring of ecosystems and ecosystem components. The ecoregions were determined from an analysis of the spatial patterns and the composition of biotic and abiotic phenomena that include geology, physiography, vegetation, climate, soils, land use, wildlife, and hydrology (Omernik, 1987) .
The Southwestern Appalachians ecoregion is composed of open, low mountains. The eastern boundary of this ecoregion, along the more abrupt escarpment where it meets the Ridge and Valley ecoregion, is relatively smooth and only slightly notched by small, eastward-flowing streams. The Ridge and Valley ecoregion is composed of roughly parallel ridges and valleys of various widths, heights, and geologic materials. Springs and caves are relatively numerous, and present-day forests cover about 50 percent of the ecoregion. The Blue Ridge ecoregion varies from narrow ridges to hilly plateaus to more massive mountainous areas. The mostly forested slopes; high-gradient, cool, clear streams; and rugged terrain overlie primarily metamorphic rocks, with smaller areas of igneous and sedimentary geology (Omernik, 1987) .
The Piedmont ecoregion is composed of a transitional area between the mostly mountainous regions of the AppalaIntroduction Figure 1 . Location of the study area, the ecoregions in the study area, and the streamgages that were considered for use in the regional regression analysis for north Georgia (Geospatial Attributes of Gages for Evaluating Streamflow, version II [GAGES-II]; Omernik, 1987) . 
Selection of Streamgages
The streamgage selection process for this study started with the Geospatial Attributes of Gages for Evaluating Streamflow, version II (GAGES-II) dataset, which provides geospatial data and classifications for 9,322 streamgages maintained by the USGS (Falcone, 2011) . The GAGES-II dataset consists only of streamgages that have 20 or more years of record since 1950 or are currently active (Falcone, 2011) . The GAGES-II dataset was used to determine the streamgages with watersheds in the study area that are least disturbed by human influence. Streamgages with "nearnatural" flow conditions were identified in the GAGES-II dataset and classified as "reference" streamgages (Falcone, 2011) . All reference streamgages in north Georgia having 10 or more years of record through climatic year 2013 were evaluated for possible use in the regional regression analysis, resulting in a total of 18 reference streamgages in Georgia that were determined as candidate streamgages for the regression analysis. Also, seven streamgages in Georgia that have 10 or more years of natural flows and that are not in the GAGES-II dataset were included as candidate streamgages for the regression analysis.
The GAGES-II dataset has a hydrologic "disturbance index" associated with each streamgage that is used to assess if the streamgage is a reference or nonreference streamgage. This index quantifies the human influence on the stream using variables, such as density of major dams, amount of water withdrawals, and percentage of channels in the watershed (Falcone, 2011) . Streamgages in Georgia with a disturbance index below 20 were evaluated for flow alteration processes such as water withdrawals, diversions, flood control, and wastewater discharge. Sites in drainage basins with known flow-altered processes not substantial enough to clearly change the recorded daily mean flows for more than several days during each climatic year were included in the dataset. The change was assessed by visual inspection of the daily mean flows plotted on a graph. As a result, eight nonreference streamgages in north Georgia were included as candidate streamgages for the regression analysis for a total of 33 streamgages in Georgia.
Because the Atlanta and Athens metropolitan areas are within the study area, only a limited number of Georgia streamgages are considered to have "near-natural" flow ( fig. 1) . Thus, GAGES-II reference streamgages having 10 or more years of record through climatic year 2013 in Alabama, Tennessee, North Carolina, and South Carolina that are within 75 miles of the Georgia border were included as candidate streamgages for the regression analysis. This added 23 streamgages to the dataset (6 in Alabama, 5 in Tennessee, 8 in North Carolina, and 4 in South Carolina), resulting in a total of 56 candidate streamgages. Descriptive information for the candidate streamgages, including the USGS station number, station name, latitude, longitude, county, and drainage area, is provided in table 1 (at back of report, available for download at https://doi.org/10.3133/sir20175001); the 56 streamgage locations are shown in figure 1.
Low-Flow Frequency and Mean Annual Flow Statistics
For the 33 streamgages in Georgia that were considered for use in the regression analysis, the annual 1Q10 and 7Q10, monthly 7Q10, and mean annual flow statistics were obtained from Gotvald (2016) . For the 23 streamgages in the surrounding States, the annual 1Q10 and 7Q10, monthly 7Q10, and mean annual flow statistics were computed for this study by using the same methods described in Gotvald (2016) to maintain consistency. The statistics for the 23 streamgages were computed using the daily mean flow data through the 2013 water year from the USGS National Water Information System (NWIS; U.S. Geological Survey, 2015) and Surface-Water Statistics (SWSTAT) version 5.0, a computer program developed by the USGS (Hutchison, 1975; Lumb and others, 1990; Flynn and others, 1995) . The annual 1Q10 and 7Q10, monthly 7Q10, and mean annual flow statistics for the 56 streamgage locations that were considered in the regression analysis are presented in table 2 (available for download at https://doi.org/10.3133/sir20175001), and the periods of record used to compute the statistics are provided in table 1.
Some of the streamgages with shorter periods of record that were considered in the regression analysis indicate significant negative trends in the minimum 1-day and 7-day flows because the period of record ends during recent droughts that occurred in the study area (Gotvald, 2016) . As noted by Lins and others (2010) , hydrologic records of a few years to a few decades may indicate a trend in the data, but when viewed in the context of longer timeframes spanning decades to centuries, the short-term trends may be recognized as part of a much longer-term oscillation. The streamgages with significant negative trends were still considered for use in the regression analysis because the streamgages with longer-term records considered in the regression analysis did not indicate significant trends (Gotvald, 2016) . 
Basin Characteristics
The GAGES-II dataset includes several hundred basin characteristics compiled from national data sources, including environmental features and metrics of anthropogenic influence (Falcone, 2011) . A subset of these basin characteristics was chosen as potential explanatory variables in the regional regression analysis using all-possible-subsets (APS) regression methods (Neter and others, 1985) . Potential explanatory variables for inclusion in the regression analysis were based on several factors, including standard error of the estimate, Mallow's C P statistic, statistical significance of the explanatory variables, coefficient of determination (R 2 ), the theoretical relation of the basin characteristics to low flows, and ease of computing the basin characteristics using geographic information system (GIS) technology. The use of GIS enables the automation of the basin-characteristic calculations and solution of the regional regression equations using StreamStats. Table 3 lists the 15 potential basin characteristics that were considered for use in the regional regression analysis.
The potential basin characteristics listed in table 3 were computed using the methods from the Georgia StreamStats application for the 33 streamgages in Georgia in order to maintain consistency when the final regression equations are implemented in the Georgia StreamStats application. Currently (2016), StreamStats is not fully implemented for all the surrounding States, so the basin characteristics from the GAGES-II dataset were used for the surrounding States. To ensure that the GAGES-II basin characteristics are equivalent to the basin characteristics computed using the StreamStats methods, the StreamStats values were compared with the basin characteristics from the GAGES-II dataset for the 26 streamgages in Georgia that are in the GAGES-II dataset. The differences in the two sets of basin characteristics were within ± 2.5 percent for all the basin characteristics with the exception of the maximum and minimum elevation, which had differences greater than ± 2.5 percent for 3 of the 26 sites. The larger differences in the extreme elevation values likely result from a lower resolution digital elevation model (DEM) being used for the GAGES-II computations. The mean of the differences is within ± 1 percent for all the basin characteristics, thus indicating that the basin characteristics from the GAGES-II dataset are comparable to values computed using the StreamStats methods.
A drainage area value is stored in the NWIS database for most streamgages maintained by the USGS. The drainage area in the NWIS database was compared to the drainage area computed using the StreamStats methods for the 33 streamgages in Georgia and the computed drainage area in the GAGES-II dataset for the 23 streamgages in the surrounding States. All the computed drainage areas were within ± 2 percent of the NWIS drainage areas for the 33 streamgages in Georgia and were within ± 3 percent for the 23 streamgages in the surrounding States. None of the drainage areas for the 33 Georgia streamgages were revised in the NWIS database on the basis of the USGS Office of Surface Water Technical Memorandum No. 12.07 (Lins, 2012) , which suggests revisions be made in the database for differences that are more than 2 percent if the computed value is more accurate than the value in the NWIS database. Although 2 (USGS station numbers 02167450 and 03455500) of the 23 streamgages in the surrounding States had differences greater than 2 percent, the NWIS database values were not revised for the 2 stations because a lower resolution DEM had been used to delineate the watersheds. The drainage areas listed in table 1, which are from the NWIS database, are the drainage area values used in the regional regression analysis. Table 1 also lists the other 14 potential basin characteristics for the 56 streamgage locations that were considered for use in the regional regression analysis. The basin characteristics for the 33 Georgia streamgages are available in StreamStats (U.S. Geological Survey, 2016).
Regional Regression Analysis
Regional regression analyses were used to develop equations that estimate the annual 1Q10 and 7Q10, monthly 7Q10, and mean annual flow statistics at ungaged locations in north Georgia not substantially affected by regulation, diversions, or urbanization. The equations relate the statistics computed from flow records for streamgages to measured basin characteristics of the associated drainage basins. All 56 streamgages for which flood-frequency and basin characteristics had been determined were considered for use in the regression analysis ( fig. 1; table 1 ).
Development of Regional Regression Equations
All-possible-subsets regression methods and ordinary least squares (OLS) regression techniques were used to evaluate candidate explanatory variables (table 3) and the need for additional hydrologic regions within the study area. Ordinary least squares regression analyses were performed using the 56 streamgages with various combinations of candidate explanatory variables on the basis of the APS regression results. Multicollinearity (correlation among the candidate explanatory variables) was assessed by the variance inflation factor (VIF ). All response variables and some explanatory variables were transformed to logarithms (base 10) prior to the regression analyses to (1) obtain linear relations between response and explanatory variables and (2) achieve equal variance about the regression line. Regression residuals were plotted at the centroid of the respective drainage area to determine geographical patterns of bias. On the basis of the residual plots, there is no indication of a geographic bias of the regression residuals.
The need to divide the study area into separate hydrologic regions was further investigated using the qualitative indicator variable approach described by Griffis and Stedinger (2007) . This approach tests the differences among the intercept in a regression model for separate regions by including qualitative indicator variables for each region in the model. For this study, qualitative indicator variables of "1" or "0" for each ecoregion were included as explanatory variables in the regression equations. If 75 percent or more of the drainage basin of a streamgage was within a specific ecoregion, a value of "1" was used for the qualitative variable for that ecoregion; otherwise, a "0" was used to indicate the basin is not within that ecoregion. None of the qualitative indicator explanatory variables for the ecoregions were found to be statistically significant for a probability value (p-value) ≤ 0.05, indicating that the intercepts for each ecoregion are not significantly different and confirming that the study area did not need to be further divided into additional hydrologic regions.
Final Regression Equations
Because some streams in this study had values of zero for the selected low-flow frequency statistics, special regression techniques were required to analyze these statistics in an unbiased manner. Estimates of zero flow computed from observed flow commonly are treated as left-censored data (Kroll and Stedinger, 1996; Kroll and Vogel, 2002) , and the use of multiple-linear regression is not recommended for censored data (Helsel and Hirsch, 2002) . For this study, weighted left-censored regression was used for the final regression analyses, with weights based on the number of years of record (Lorenz, 2014; Ziegeweid and others, 2015) . With left-censored regression, a threshold value is imposed on the dataset that censors low (left) values below the threshold. Both the censored and uncensored values are used in a left-censored regression. When datasets do not contain censored values, weighted left-censored regression provides the same results as weighted least squares regression (Helsel and Hirsch, 2002) .
Weighted left-censored regression was used to analyze flow data collected at 56 streamgages. Various combinations of explanatory variables determined in exploratory analyses were evaluated. Because of the uncertainty in measuring low flows and estimating low-flow frequency statistics less than 0.1 cubic foot per second (ft 3 /s), the censoring threshold used to develop the left-censored regression equations was set at 0.1 ft 3 /s. The combination of independent explanatory variables selected for inclusion in the final regression equations did not have multicollinearity, were statistically significant at the 0.05 level, and provided the lowest standard error of estimate for the flow statistics.
Multiple performance metrics were used to identify streamgages with potential issues that were used in the final regression equations. Residuals randomly distributed around zero are preferred. The leverage metric is used to measure how unusual the values of independent variables at one streamgage are compared to the values of the same variables at all other streamgages (Helsel and Hirsch, 2002) . The influence metric indicates whether the data at a streamgage have a large influence on the estimated regression parameter values (Helsel and Hirsch, 2002) . A streamgage may have a large leverage metric, indicating that independent variables associated with the streamgage are substantially different from independent variables associated with all other streamgages; however, the same streamgage may not have a large influence on the regression parameters. Conversely, a streamgage with a large influence on the regression parameters may not have a large leverage metric. Measurement or typographic errors in reported values of some independent variables may produce large leverage or influence metrics, and streamgages with such errors may need to be excluded. None of the streamgages used in the final regression analysis indicated high influence; however, two streamgages (USGS station numbers 02196000 and 03544947) were identified in this study as having large leverage. These two streamgages were not excluded because no known errors were associated with the basin characteristic data, and a reasonable hydrologic justification for excluding the data could not be identified.
For the selected low-flow statistics, the combination of drainage area (DRNAREA), mean annual precipitation (PRECIP), and relief ratio (RRMEAN) reduced the standard error considerably more than any other combination of explanatory variables, so these three explanatory variables were used in the final regression equations. For mean annual flow, DRNAREA and PRECIP are used in the final equation because RRMEAN was not found to be statistically significant for a probability value (p-value) ≤ 0.05, and the addition of a third variable did not reduce the standard error by more than 1 percent. Residuals from the weighted left-censored analyses were plotted on a map of the study area to verify that geographical biases were not present. One hydrologic region was used for the entire study area. The final regional regression equations for the selected low-flow frequency and mean annual flow statistics are given in table 4. For the selected low-flow frequency equations in table 4, the estimated flow statistic decreases as RRMEAN increases. RRMEAN is a measure of the relief in the drainage basin; therefore, a higher RRMEAN value indicates higher relief in the basin, which increases direct runoff and decreases base flow. [SEE, standard error of estimate, in percent; number censored, number of streamflow values less than or equal to 0.1 cubic foot per second; M1D10Y, annual 1-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y, annual 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y01, January 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y02, February 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y03, March 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y04, April 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y05, May 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y06, June 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y07, July 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y08, August 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y09, September 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y10, October 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y11, November 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; and M7D10Y12, December 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; QA, mean annual flow, in cubic feet per second; DRNAREA, drainage area, in square miles; PRECIP, mean annual precipitation, in inches; RRMEAN, relief ratio]
Statistic
Regression 
Accuracy and Limitations
The average standard error of estimate (SEE), in percent, for the regression equations is given in table 4. Average SEE is a measure of the average uncertainty of predictions made with a regression equation on the basis of all streamgage data used to develop the equations. Users of the regression equations may, however, be interested in a measure of uncertainty for a flow estimate at a particular ungaged stream location as opposed to the average uncertainty based on all streamgage data. One such measure of uncertainty at a particular ungaged location is the confidence interval of a prediction, or prediction interval. Prediction interval is the range in values of an estimated response variable over which the true value of the response variable occurs with some stated probability. For example, the 90-percent prediction interval for an estimated flow value means that there is a 90-percent probability that the true flow value lies within that interval. The USGS StreamStats Web-based GIS tool uses the 90-percent prediction interval estimates as part of the computation of low-flow frequency estimates for ungaged stream sites. Tasker and Driver (1988) determined that a 100 (1-α) prediction interval for a flow statistic estimated at an ungaged site from a regression equation can be computed as follows:
where Q is the flow characteristic for the ungaged site; and C is computed as:
where t (α /2,n-p) is the critical value from the student's t-distribution at a particular alpha-level divided by 2 (α /2), and degrees of freedom (n-p) and is equal to 1.68 for an (α) of 0.10, which corresponds to a prediction interval of 90 percent; and SE P,i is the standard error of prediction for site i and is computed for a weighted left-censored regression analysis as
where MSE is the mean square error; X i is a row vector of the explanatory variables for site i, augmented by a 1 as the first element; U is the covariance matrix for the regression coefficients; and X i T is the transpose of X i (Ludwig and Tasker, 1993) .
The values for MSE and U are presented in table 5 (available for download at https://doi.org/10.3133/sir20175001).
The procedures required to obtain the prediction intervals for annual 1Q10 and 7Q10, monthly 7Q10, and mean annual flow estimates are explained in the following example computation of the annual 7Q10 flow for a hypothetical ungaged site on Indian Creek near Big City, Georgia. The results are rounded to three significant figures. [MSE, the mean square error used in equation 3; U, the covariance matrix used in equation 3; M1D10Y, annual 1-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y, annual 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y01, January 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y02, February 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y03, March 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y04, April 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y05, May 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y06, June 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y07, July 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y08, August 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y09, September 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y10, October 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y11, November 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; and M7D10Y12, December 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; QA, mean annual flow, in cubic feet [MSE, the mean square error used in equation 3; U, the covariance matrix used in equation 3; M1D10Y, annual 1-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y, annual 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y01, January 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y02, February 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y03, March 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y04, April 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y05, May 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y06, June 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y07, July 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y08, August 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y09, September 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y10, October 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; M7D10Y11, November 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; and M7D10Y12, December 7-day low flow for a recurrence interval of 10 years, in cubic feet per second; QA, mean annual flow, in cubic feet The following limitations need to be recognized when using the final regional regression equations:
1. Applying the equations to sites on streams having explanatory variables outside the ranges of those used in this study may result in standard errors that are considerably greater than those indicated by the standard error of estimates percentages listed in table 4. The ranges of explanatory variables used to develop the regional regression equations are given in table 6. The geometric mean is included to represent the most typical values for the range of the data.
2. The methods are not appropriate (or applicable) for streams where the flow is substantially affected by regulation, diversion, or urbanization.
3. The basin-characteristic calculations at ungaged locations should be computed using the same GIS datasets and calculation methods used in this study. The USGS StreamStats Web-based GIS tool (Ries and others, 2008; U.S. Geological Survey, 2016) includes the same GIS data layers and calculation methods used to develop the regression equations in this study.
4. Special attention must be given to censored values and the number of significant figures used. Because of the uncertainty in measuring and estimating flows less than 0.1 ft 3 /s, the censoring threshold used to develop the leftcensored regression equations was set at 0.1 ft 3 /s. Thus, any regression estimates that are 0.1 ft 3 /s or less should be reported as less than 0.1 ft 3 /s.
5. Regional regression equations developed for the area of Georgia south of the Fall Line poorly predicted flows below 0.5 ft 3 /s and produced high SEE values; therefore, equations presented in this report are applicable only to the area of Georgia north of the Fall Line. Poor predictive abilities south of the Fall Line may be caused by karst topography in the area. In karst topography, low flows could be substantially affected by gains from large springs and by losses from sinkholes (Eash and Barnes, 2012) .
StreamStats
StreamStats is a Web-based GIS that provides users with access to an assortment of analytical tools that are useful for water-resources planning and management, and for engineering design applications (Ries and others, 2008) . StreamStats allows users to easily obtain flow statistics, basin characteristics, and other information for user-selected sites on streams. StreamStats users can choose locations of interest from an interactive map and obtain information for those locations. If a user selects the location of a USGS streamgage, the user will be provided with a list of previously published information for the station. If a user selects a location where no data are available (an ungaged site), StreamStats will delineate the drainage-basin boundary, measure basin characteristics, and estimate flow statistics with prediction intervals for the site. Ries and others (2008) provide a detailed description of the application. Although designed to eventually be a national application, StreamStats is being implemented on a state-by-state basis, typically through cooperative funding agreements between the USGS and local partners.
Complete instructions for using StreamStats are provided through links on the StreamStats Web site at http://water.usgs.gov/ osw/streamstats/index.html. The Web site also provides links to (1) information about general limitations of the application, (2) other State applications, (3) user instructions, (4) definitions of terms, (5) answers to frequently asked questions, (6) downloadable presentations and other technical information about the application, and (7) contact information. Use of the regression equations developed in this study to estimate the annual 1Q10 and 7Q10, monthly 7Q10, and annual mean flow statistics will be implemented through incorporation into the USGS StreamStats Web-based GIS tool.
Summary
This report presents methods for estimating selected low-flow frequency and mean annual flow statistics at ungaged stream locations in the area of Georgia north of the Fall Line. Weighted left-censored regression was used to develop a set of regional regression equations for estimating the annual 1Q10 and 7Q10, monthly 7Q10, and mean annual flow statistics. Low-flow frequency and mean annual flow statistics and basin characteristics for 56 streamgage locations within north Georgia and 75 miles beyond the State's borders in Alabama, Tennessee, North Carolina, and South Carolina were combined to form the final dataset used in the regional regression analysis. Fifteen basin characteristics were considered for use as explanatory variables in the regression analysis. The final equations are functions of drainage area, mean annual precipitation, and relief ratio for the low-flow frequency statistics and drainage area, and mean annual precipitation for the mean annual flow. The average standard errors of estimate was 13.7 percent for the mean annual flow regression equation and ranged from 26.1 to 91.6 percent for the selected low-flow frequency equations. Methods also are provided to compute the 90-percent prediction intervals for the estimates at a particular ungaged stream location of interest.
The regression equations in this study, which are based on data from streams with little to no flow alterations, will provide an estimate of the natural flows for a selected ungaged stream location in the study area. The regression equations do not estimate flows for streams that have been altered by the effects of dams, surface-water withdrawals, groundwater withdrawals (pumping wells), diversions, or wastewater discharges. The regression equations should be used only for ungaged sites with drainage areas between 1.67 and 576 square miles, mean annual precipitation between 47.6 and 81.6 inches, and relief ratios between 0.146 and 0.607; these are the ranges of the explanatory variables used to develop the equations. An attempt was made to develop regional regression equations for the area of Georgia south of the Fall Line by using the same approach used in this study for north Georgia; however, the equations resulted in high average standard errors of estimates and poorly predicted flows below 0.5 cubic foot per second, likely because of karst topography in the area.
The regression equations developed in this study, as well as the 90-percent prediction intervals of the estimates, are planned to be incorporated into the USGS StreamStats program. The StreamStats program is a Web-based application that provides flow statistics and basin characteristics for USGS streamgages and ungaged sites of interest. StreamStats can also compute basin characteristics and provide estimates of flow statistics for ungaged stream locations when users select the location of a site along any stream in Georgia. drainage area The drainage area of a stream at a specified location is the area, measured in a horizontal plane, which is enclosed by a drainage divide.
record Unit value or daily mean streamflow data that are collected continuously from streamgage locations, electronically stored, published, and archived according to U.S. Geological Survey protocols.
recurrence interval As applied to low-flow statistics, the recurrence interval (sometimes called the return period) is based on the probability that the given event will be equal to or less than the estimated value in any given year. Thus, for the 7Q10, there is a 0.10 or 10-percent probability that the annual minimum 7-day average flow in any 1 year will be less than the estimated 7Q10 value.
relief ratio Dimensionless elevation ratio, calculated as the difference between mean and minimum elevation within the drainage basin divided by the difference in the maximum and minimum elevation within the drainage basin.
streamgage A site on a stream where contin uous records of gage height are collected and for which streamflow records are computed.
water year The annual period from October 1 through September 30 that is used by the U.S. Geological Survey for the collection and processing of streamflow records. The water year is designated by the year in which the period ends. For example, the 2012 water year is October 1, 2011, to September 30, 2012. , 1929 , -September 30, 1931 February 15, 1940 -September 30, 1978 November 16, 1983 -September 30, 2013 26, 1901 26, -September 27, 1902 December 28, 1902 -December 30, 1903 April 28, 1937 -February 29, 1956 
